) to serve as the bait to screen et al., 1992) and NF-B activation (Dominguez et al., 1993) in Xenopus oocytes, as well as the reinitiation of a human placenta Matchmaker cDNA library. We selected colonies that grew on yeast dropout media lack-DNA synthesis in quiescent mouse fibroblasts (Berra et al., 1993) . Also, down-regulation of PKC with antisense ing leucine, tryptophan, and histidine but containing 20 mM 3-amino-1,2,4-triazole and that were blue within oligonucleotides or transfection of a kinase-inactive dominant-negative mutant of /PKC or PKC severely 20 min when assayed by X-Gal colony filter assay. We 
Individual Leu
ϩ Trp ϩ transformants were streaked to synthetic medium plates lacking tryptophan, leucine, and histidine. The plates were incubated at 30ЊC for 3 days. Essentially identical results were obtained in another two experiments.
obtained 5 positive colonies that stained intensely blue fails to transactivate the reporter constructs (Table 1) . The catalytic domain of PKC did not interact with Par-4, from 2.5 ϫ 10 6 screened. The expression of His-3 and whereas the full-length PKC, as well as the regulatory LacZ in these colonies was shown to depend on the domain of /PKC, did show interaction ( Figure 1 ; Table  LexA fusion protein by retransforming the recovered  1) . Interestingly, Par-4 does not interact with the regulaplasmids into yeasts containing the bait construct (Fig- tory domains of ␣PKC or ⑀PKC ( Figure 1 ; Table 1 ), indiure 1; Table 1 ). The sequences of the 5 clones revealed cating that it is highly specific for the atypical PKC isothat they were identical and corresponded to a partial types. On the other hand, Raf-1 is a serine/threonine cDNA coding for the last 272 amino acids (positions kinase with an overall structure similar to that of the 60-332) of the previously cloned par-4, which has been atypical PKCs (Ohno et al., 1989) . Both types of kinases identified as a gene induced during apoptosis (Sells et are critical components downstream of Ras in mitogenic al., 1994). Owing to the role of PKC in mitogenic signalcascades (Berra et al., 1993; Howe et al., 1992) . Thereing (see Introduction), this finding could be of great relefore, it was of great interest to determine whether Raf-1 vance. Therefore, the specificity of the interaction bewould interact with Par-4. Neither full-length Raf-1 nor tween PKC REG and the par-4 gene product was next the catalytic domain or the regulatory region of Raf-1 tested with an unrelated molecule, pGBT9Lamin, which interacted with Par-4 ( Figure 1 ; Table 1 ). The product of c-mos, which is another serine/threonine kinase criti- genic signal transduction in Xenopus oocytes and mammalian cells (Sagata et al., 1988) , did not interact with GAL4 Activation Domain Fusion (Blue) Par-4 ( Figure 1 ; Table 1 ). Therefore, these data collectively indicate that Par-4 specifically binds to the regula- Table 1 ). The pGBT9Lamin Ϫ Ϫ deduced amino acid sequence of par-4 predicts a coiled-coil leucine zipper at the C-terminal part of the ␤-Galactosidase activity was determined by a filter assay for the yeast strains containing the indicated plasmids, as described in protein (Sells et al., 1994 , 1995) . Thus, the alignment of the Par-4 C-terminal fusion proteins and immobilized on amylose beads, were incubated with radiolabeled in vitro translated region with the death domains of Fas, RIP, FADD, TRADD, and the tumor necrosis factor receptor 1 PKC. As expected, PKC interacted with MBP-Par-4 but not with MBP-Par-4⌬ or MBP alone ( Figure 3A ). To (TNFR1) using the CLUSTAL program of the PCGene package gives a pairwise similarity score for Par-4 with investigate further the interaction between Par-4 and PKC, we incubated MBP-Par-4, MBP-Par-4⌬, or MBP Fas and TRADD of 15 and 13, respectively. Although lower than that displayed by TRADD with TNFR1 (19), with the regulatory domain of PKC or its zinc finger mutant PKC REG-C167S , which were expressed as glutathithis score is identical to that given by Fas with FADD, TNFR1, or TRADD (15). Also of note, the pairwise similarone S-transferase (GST) fusion proteins ( Figure 3B ). Two different concentrations (100 or 400 nM) of the MBP ity score for Par-4 with Fas and TRADD is higher than that for TRADD with RIP or FADD (12). Alignment of fusion proteins were incubated with 800 nM GST fusion proteins for 1 hr at 4ЊC, after which MBP, MBP-Par-4, Par-4 residues 248-330 relative to residues 230-307 of Fas results in a 43% homology and 29% identity (Figure and MBP-Par-4⌬ were immobilized on amylose resin. Following extensive washing with binding buffer plus 2). This is comparable with that resulting from the alignment of, for example, TRADD with TNFR1 (23% identity; 0.1% Triton X-100, bound MBP fusion proteins and any associated proteins were boiled in sample buffer, fracCleveland and Ihle, 1995). However, the residue corresponding to Val-238 of Fas, which when mutated to tionated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and immunoblotted with anti-GST antiasparagine abolishes cell death induction, is not conserved in Par-4 (Figure 2 ). It should be stressed that this body to detect binding of the different GST fusion proteins to Par-4. Of note, GST-PKC REG but not GSTresidue is not conserved in other cell death proteins such as Reaper or RIP (Cleveland and Ihle, 1995) . In the PKC REG-C167S or GST bound to MBP-Par-4 ( Figure 3B ). Also, no binding was detected of the GST fusion proteins next series of experiments, this region of Par-4 was deleted and the ability of this mutant to interact with to MBP-Par-4⌬ or MBP alone ( Figure 3B ). Similar results were obtained in experiments using GST-/PKC REG the regulatory domain of PKC was tested in the twohybrid system. According to the results of this experi-(data not shown). Staining of a parallel gel confirms that all the reactions contained equal molar amounts of GST ment, Par-4 homodimerizes (Table 2), but deletion of the C-terminal region completely abrogates the homodiand MBP fusion proteins (data not shown). merization, as well as the interaction with the regulatory domain of PKC (Table 2) or /PKC (data not shown).
Inhibition of PKC by Par-4 This represents evidence that the zinc finger domain of Because Par-4 binds specifically to the zinc finger of a PKC interacts with a leucine-zipper motif.
PKC and /PKC and that region has been shown to mediate the binding of regulators (Diaz-Meco et al., Binding of Par-4 to PKC In Vitro 1996; Nishizuka, 1992; Quest and Bell, 1994) , we sought To confirm the interaction observed in yeast, Par-4 and to determine whether the interaction of Par-4 with PKC Par-4⌬, expressed as maltose-binding protein (MBP) can modulate its enzymatic activity in vitro. Therefore, serum-starved COS cells were transfected with influ- Figure 3C ) and /PKC (data not
shown) activities. MBP-Par-4 produced no effect on the activity of a highly purified preparation of classical PKCs MBP fusion protein (MBP-Par-4⌬), which we showed (E) NIH-3T3 cells were induced to apoptosis by UV irradiation. Afterward, they were extracted at different times and immunoprecipitated with anti-PKC antibody, and the enzymatic activity was determined using hnRNPA1 as substrate. Essentially identical results were obtained in another two experiments.
above does not interact with PKC, was unable to inhibit extracts were immunoprecipitated 4 hr after UV treatment with the anti-Par-4 antibody, which was either PKC activity ( Figure 3C Collectively, these results indicate that Par-4 binds to PKC. An immunoreactive band corresponding to PKC PKC in vitro and in vivo and that this association leads was clearly detected in immunoprecipitates only from to a dramatic inhibition of the kinase activity. cells transfected with the HA-par-4 vector and not with the empty plasmid or with HA-par-4⌬ ( Figure 3D ). Immunoblot analysis with anti-␣PKC antibody revealed the Expression of Par-4 Inhibits AP1-Dependent Promoter Activity lack of association of native ␣PKC with Par-4 (data not shown). To determine whether native Par-4 interacts Since PKC and /PKC are critically involved in the transactivation of AP1-dependent promoters (Akimoto with native PKC in vivo, we used the MBP-Par-4 fusion protein to immunize rabbits and generate an antibody Bjorkoy et al., 1995) , it was of great interest to determine the effect of par-4 transfection on that against Par-4. Next, NIH-3T3 cells were induced to undergo apoptosis by ultraviolet (UV) irradiation (Brancolini parameter.
Results from Figure 5A demonstrate that the transfection of a par-4 expression vector dramatically et al., 1995), which was confirmed by measuring DNA fragmentation of parallel cultures (data not shown). Cell inhibits the activation by serum of an AP1 enhancer- directed luciferase reporter plasmid in a dose-dependent manner ( Figure 5A ). As a control, transfection of par-4 produces little or no effect on a constitutive cytomegalovirus (CMV) promoter-based reporter vector (Figure 5A ). Transfection of par-4⌬ expression vector did not inhibit AP1 promoter activity (
Figure 5B), consistent with its lack of effect on the atypical PKCs. Cotransfection of expression plasmid for /PKC, but not for ␣PKC, significantly suppressed the inhibition by Par-4 of the AP1 promoter activity ( Figure 5C ). All of the above indicates that the inhibition of the atypical PKCs by Par-4 is of physiological relevance. test this hypothesis, we initially used a ␤-galactosidase ␤-galactosidase-positive (blue) cells, as compared with cells transfected with a control plasmid or an expression vector for wild-type PKC or /PKC (Table 3) . InterestPar-4 as well as of /PKC MUT provokes DNA fragmentation consistent with the induction of apoptosis. Of note, ingly, transfection of par-4 but not par-4⌬ also provoked a dramatic reduction in the number of blue cells, indicatthe induction of apoptosis by /PKC MUT does not induce Par-4 (data not shown), consistent with the notion that ing that inhibition of the atypical PKCs triggers cell death (Table 3) . Cotransfection of wild-type PKC or /PKC the atypical PKCs are critical downstream targets of Par-4. Transfection of Par-4⌬ produces no effect on (but not of their respective kinase-inactive mutants) with par-4 increased the number of blue cells. This supports this parameter, and cotransfection of wild-type /PKC significantly suppresses DNA fragmentation induced by the notion that the mechanism by which par-4 promotes cell death critically involves inhibition of the atypical Par-4 ( Figure 6 ). In addition, overexpression of Par-4 induces morphological changes that are typical of PKCs. The results in Figure 6 show that expression of . Cells were changed 24 hr posttransfection to 0.5% serum-containing medium for 12 hr, after which they were fixed and stained with X-Gal. In other experiments, cells were induced to undergo apoptosis by UV irradiation and 12 hr afterwards were fixed and stained as above. Results (number of blue cells per 35 mm dish) are the mean Ϯ SD of three independent experiments with incubations in duplicate. ND, not determined.
apoptosis. This is illustrated in the experiment in Figure  7 , where NIH-3T3 cells were transfected with the epitope-tagged HA-par-4 expression vector, 24 hr posttransfection cells were reacted with the anti-HA antibody, and DNA was stained with Hoechst 33258. Par-4-expressing cells displayed a morphology consistent with apoptosis ( Figure 7A , arrow) that includes apoptotic nuclei ( Figure 7B, arrow) . Nonfluorescent cells showed a completely normal morphology ( Figures 7A and 7B ). To determine whether overexpression of an atypical PKC overcomes the induction of apoptosis by Par-4, we cotransfected NIH-3T3 cells with the HA-par-4 expression vector along with a 3-fold excess of a plasmid that expresses wild-type /PKC. Under these conditions, a clear suppression of the apoptotic phenotype was observed ( Figures 7C and 7D) . Transfection of wild-type /PKC alone produced no effects ( Figures 7E and 7F) , whereas the transfection of kinase-inactive /PKC induced apoptosis ( Figures 7G and 7H) . The results in Figure 3E are consistent with the proposed role of the atypical PKCs in apoptosis. Thus, the induction of apoptosis by UV irradiation leads to a dramatic reduction of the PKC enzymatic activity. Interestingly, transfection of wild-type /PKC suppresses the induction of apoptosis by UV irradiation (Table 3 ). factor of the classical and novel isotypes (Nishizuka, 1992) , 1996) . Interestingly, overexpression of PKC or PKC results in an enhancement of AP1-dependent pro-PKC. Under these conditions, the apoptotic stimulus may lead to the inactivation of that mechanism. Alternamoter activity, which is severely inhibited by expression of a dominant-negative mutant of PKC (Akimoto et al.,
tively, a signal could be required for the Par-4-PKC interaction to occur. Therefore, UV irradiation, besides 1996). This is clearly consistent with the proposed role of the atypical PKCs in mitogenic signaling (Berra et al., inducing the expression of Par-4 in NIH-3T3 cells, may trigger the mechanism that allows the interaction of Bjorkoy et al., 1995; Diaz-Meco et al., 1996) . On the other hand, the activation of the atypical PKCs Par-4 with PKC. Par-4 binding to PKC in transfection experiments may be due to the fact that overexpression by ceramide appears to be of functional relevance. Thus, ceramide is a potent activator of NF-B (Schü tze et al., of the protein lowers the requirement of the second signal necessary for this binding to occur in a more 1992; Yang et al., 1993) , and it has been shown that expression of a dominant-negative mutant of the atypiphysiological environment. Ceramide also activates this association in HeLa cells (data not shown), suggesting cal PKCs severely impairs B-dependent promoter activation by sphingomyelinase . Taken the bifunctional role of this lipid second messenger. Thus, it transiently activates PKC at early times of cell together, these findings suggest that the stimulation of the atypical PKCs by different lipid second messengers activation, whereas at later times it promotes the association of PKC with Par-4. Because ceramide binds dihas important functional consequences. However, although critical, these lipid mediators do not appear to rectly to PKC but only activates it at low concentrations (Mü ller et al., 1995) , it is possible that high levels of be selective (see Introduction). We reasoned that the existence of substantial differences in the regulatory ceramide produced at relatively later times induce a conformational change in PKC that makes it competent domains of the different PKC isotypes should permit the isolation of potentially selective activators of the to interact with Par-4, leading to its enzymatic inactivation, which is required for apoptosis to proceed. Theredifferent PKCs by the two-hybrid system in yeast. Following this experimental approach, we have recently fore, ceramide emerges as a bifunctional molecule that activates both NF-B and MAPK, on the one hand, and succeeded in the identification of a novel protein, termed LIP, that specifically interacts with the regulatory doapoptosis on the other. TRADD, a novel TNFR1-associated protein, is another interesting example of a bifuncmain of /PKC but not with many other structurally and functionally related kinases, including PKC (Diaz-Meco tional messenger (Hsu et al., 1996) . Expression of Par-4 inhibits AP1 promoter activation et al., 1996) . What is really interesting about LIP is that it specifically activates /PKC but not PKC in vitro as in a /PKC-and PKC-dependent manner. Preliminary unpublished results from this laboratory demonstrate well as in vivo and that its association with this PKC is dramatically activated following the mitogenic stimulathat expression of Par-4 inhibits MAPK, which may account for the effects on AP1 promoter activity, and are tion of quiescent cells. Therefore, selective regulation of the different PKCs could be mediated by protein-protein consistent with the recently suggested role of the atypical PKCs in the activation of MAPK (Berra et al., 1995) . interactions.
In the study reported here, we identify Par-4 as a Inhibition of MAPK has been proposed to be important for induction of cell death (Xia et al., 1995) . On the other novel and selective inhibitor of both /PKC and PKC. Although a number of PKC-interacting proteins have hand, PI 3-kinase plays a critical role in the generation of cell survival signals (Yao and Cooper, 1995) . The fact recently been identified (Klauck et al., 1996; Konishi et al., 1994; Mochly-Rosen et al., 1991; Ron et al., 1994;  that the atypical PKCs appear to be located downstream of that enzyme (Akimoto et al., 1996; Nakanishi et al., Staudinger et al., 1995) , only LIP (Diaz-Meco et al., 1996) and Par-4 have been shown to interact with the zinc 1993) is potentially of great relevance. Since PI 3-kinasederived second messengers activate several kinases finger domain of the atypical PKCs and have effects on their kinase activities. Interestingly, the triggering of the (see above), a critical question is the relative role of the atypical PKCs compared with the other effectors in the apoptotic pathway promotes the induction of Par-4 (Sells et al., 1994) , which according to the data precontrol of cell survival. The fact that Par-4 induces apoptosis most probably through inhibition of PKC and sented here binds to and inhibits PKC as well as /PKC. This suggests that the atypical PKCs are sub-/PKC suggests that the atypical PKCs may be at least one of the relevant transducers of PI 3-kinase-derived jected to a finely tuned balance of positive and negative signals that modulate their enzymatic activities through survival signals. It has recently been reported that the activation of apoptosis triggers the proteolytic stimulathe binding of different protein regulators to the zinc finger region. Although we and others (Sells et al., 1994) tion of ␦PKC (Emoto et al., 1995) , the growth-inhibitory properties of which have been documented (Watanabe have found that apoptotic stimuli induce the production of Par-4, we have found at least one example where et al., 1992). Collectively, these results indicate that different PKC isotypes are critical players in the control of Par-4 is expressed constitutively. That is the case of the as well as the mechanism whereby LIP and Par-4 concoli and purified by binding to an amylose resin according to the nect /PKC and PKC to upstream signaling molecules procedures recommended by the manufacturer. Expression and and cytokine receptors. In any case, the data presented purification of hnRNPA1 have been previously described (DiazMeco et al., 1996). here further support the role of the atypical PKCs in cell growth and strongly suggest that the selective modula- ) at a concentration of 800 nM were incubated with either 100 or Two-Hybrid Screening and cDNA Isolation 400 nM MBP fusion proteins for 1 hr at 4ЊC according to a previously For the yeast two-hybrid screening, pBTM116PKC
REG was cotranspublished procedure (Diaz-Meco et al., 1996) , after which the MBP formed with the human placenta cDNA Matchmaker library in the fusion proteins were immobilized on amylose resin. After extensive pGAD10 vector (Clontech Laboratories) into the L40 yeast strain, washing, bound MBP fusion proteins and any associated proteins and the transformants were plated to synthetic medium lacking were boiled in sample buffer, fractionated by SDS-PAGE, and immuhistidine, leucine, and tryptophan and containing 20 mM 3-aminonoblotted with anti-GST antibody to detect binding of the different 1,2,4,triazole. The plates were incubated at 30ЊC for 5 days. His ϩ GST fusion proteins. colonies were assayed for ␤-galactosidase activity by a filter assay COS cells were transfected with either control plasmid or an exas described below. Oligonucleotides were synthesized by Isogen pression vector for HA-tagged PKC or /PKC (pCDNA3-HA-PKC Biosciences (The Netherlands). pBTM116PKC REG , containing the or pCDNA3-HA-/PKC), after which they were made quiescent by rat brain PKC regulatory domain, was constructed by polymerase serum starvation, and the expressed proteins were immunoprecipichain reaction (PCR) with the oligonucleotides 5Ј-GGAGAATTCATG tated with an anti-HA antibody as described previously (Diaz-Meco CCCAGCAGGACC-3Ј and 5Ј-AGGAATTCTCACTGAGAGATTTTGAT et al., 1996) . Afterward, we determined the effect of 1 g of MBP, CCCATC-3Ј and subcloned into the EcoRI site of pBTM116 vector.
MBP-Par-4, or MBP-Par-4⌬ on the unstimulated or phosphatidyl-DNA sequencing was done by the dideoxynucleotide chain terminaserine-activated (50 g/ml) enzymatic activity of HA-PKC. The action method. tivity of PKC was measured essentially as described previously (Diaz-Meco et al., 1996 ) using hnRNPA1 as substrate. A similar ␤-Galactosidase Filter Assays experiment was performed with a highly purified preparation of clasYeast strains were patched to synthetic medium lacking leucine and sical PKC (Boehringer Mannheim). tryptophan, incubated for 3 days at 30ЊC, and then transferred to a nitrocellulose filter. The filter was placed in an aluminum foil atop a sea of liquid nitrogen for 20 s and then immersed in liquid nitrogen Cellular Studies for 1-2 s. The filter was allowed to come to room temperature and Subconfluent cultures of COS cells in 100 mm plates were then was placed on top of Whatman 1 paper that had been prewet transfected by the calcium phosphate method (GIBCO BRL) with in Z buffer containing 0.75 mg/ml 5-bromo-4-chloro-3-indolyl-␤-D-20 g of either pCDNA3 (control), pCDNA3-HA-Par-4 (HA-Par-4), or galactoside. The filters were incubated for 3 hr at 30ЊC. Blue colorpCDNA3-HA-Par-4⌬ (HA-Par-4⌬). Plasmid DNA was removed 4 hr ation is indicative of ␤-galactosidase activity.
later (Berra et al., 1995;  with 5 g of pCDNA3-HA-Par-4 plus 15 g of pRcCMV plasmids or with 5 g of pCDNA3-HA-Par-4 plus 15 g of pRcCMV-/PKC Diaz- Meco et al., 1996) . The ␣PKC expression vector was obtained by insertion of the full-length cDNA of ␣PKC into the pMT-2 vector.
plasmids, or with 5 g of pCDNA3 plus 15 g of pCDNA3-HA-/ PKC or with 5 g of pCDNA3 plus 15 g of pCDNA3-HA-/PKC MUT .
GST-PKC
REG-C167S was made by PCR using pYTH9PKC REG-C167S as a template and the following primers: 5Ј-ATTGGATCCAGCAGGACCG Cells were changed 24 hr posttransfection to 1% serum-containing medium for 12 hr, after which cells were immunostained with anti-ACCCCAA-3Ј and 5Ј-AGGAATTCTCACTGAGAGATTTTGATCCC ATC-3Ј. The PCR product was digested with BamHI and EcoRI and HA antibody or Hoechst 3358.
Cell viability assays were performed in NIH-3T3 cells that were Bjorkoy, G., Overvatn, A., Díaz-Meco, M.T., Moscat, J., and Johansen, T. (1995) . Evidence for a bifurcation of the mitogenic signaltransfected with pCMV-␤gal (2.5 g) and 5 g of either plasmid control pCDNA3, pCDNA3-HA-Par-4, or pCDNA3-HA-Par-4⌬, toing pathway activated by ras and phosphatidylcholine-hydrolyzing. J. Biol. Chem. 270, 21299-21306. gether with 10 g of pCDNA3, pCDNA3-HA-PKC, pCDNA3-HA-PKC MUT , pCDNA3-HA-/PKC, or pCDNA3-HA-/PKC MUT . Cells Brancolini, C., Benedetti, M., and Schneider, C. (1995) . Microfilament were changed 24 hr posttransfection to 0.5% serum-containing reorganization during apoptosis: the role of Gas-2, a possible submedium for 12 hr, after which they were fixed and stained with strate for ICE-like proteases. EMBO J. 14, 5179-5190. X-Gal, and the number of blue cells per 35 mm dish was determined Chinnaiyan, A.M., O'Rourke, K., Tewari, M., and Dixit, V.M. (1995). microscopically.
FADD, a novel death domain-containing protein, interacts with the Subconfluent cultures of NIH-3T3 cells were transfected with difdeath domain of Fas and initiates apoptosis. Cell 81, 505-512. ferent amounts of plasmid pCDNA3-HA-par-4 or pCDNA3-HA-parCleveland, J.L., and Ihle, J.N. (1995) . Contenders in FasL/TNF death 4⌬, together with 500 ng of either 3AP1-Luc or CMV-Luc reporter signaling. Cell 81, 479-482. plasmids either with or without expression vectors for wild-type /PKC or ␣PKC. After 4 hr, the DNA-containing medium was reDiaz-Meco, M.T., Berra, E., Municio, M.M., Sanz, L., Lozano, J., moved and cells were made quiescent by serum starvation (0.5%) Dominguez, I., Diaz-Golpe, V., Lain de Lera, M.T., Alcamí, J., Payá , for 24 hr. Afterward, cells were either untreated or stimulated with C.V., Arenzana-Seisdedos, F., Virelizier, J.L., and Moscat, J. (1993). 20% FCS for 4 hr. Extracts were prepared and luciferase activity A dominant negative protein kinase C subspecies blocks NF-B was determined as described previously (Diaz-Meco et al., 1996 
